Thermal hydrolysis pre-treatment of sludge for anaerobic digestion increases biogas production, enhances volatile solids reduction, and improves dewaterability of digested sludge. This study reports the performance of a thermochemical hydrolysis process (TCHP) that utilizes heat (60°C-70 °C) and sodium hydroxide for cell lysis. The objective of this study is to evaluate the impacts of implementing the TCHP on viscosity and floc morphology of thickened waste activated sludge (TWAS), dewaterability of anaerobically digested sludge, and biogas production. Cell lysis of TWAS was confirmed by microscope examination. Dewaterability of digested sludge was improved on full-scale dewatering centrifuges. The current data suggest at least 5-fold reduction of dynamic viscosity of WAS by thermal chemical hydrolysis treatment. Overall, the TCHP effectively hydrolyses TWAS and increases dewatered cake solids.
Introduction
Thermal hydrolysis pretreatment of sludge for anaerobic digestion increases biogas production, enhances volatile solids reduction, and improves dewaterability of digested sludge (AbelleiraPereira et al. 2015 , Schieder et al. 2000 , Ruiz-Hernando et al. 2013 . Conventional thermal hydrolysis treatment applies high temperature and high pressure for achieving adequate hydrolyzing effect of treated sludge (Schieder et al. 2000 , Feng et al. 2014 . Thermochemical hydrolysis combines both thermal treatment and chemical treatment for sludge hydrolysis. Both sodium hydroxide (Zhang et al. 2015 and hydrogen peroxide (AbelleiraPereira et al. 2015 ) have been applied for thermal chemical treatment.
One of the well documented benefits of thermal hydrolysis is improvement of dewaterability. Dewaterability of sludge has a direct impact on the economic viability of wastewater treatment plants (WWTPs) . Maximizing sludge dewaterability is especially important when WWTPs are facing high sludge disposal cost (Aichinger et al. 2015 , Takaoka et al. 2014 . Thermal hydrolysis pretreatment of sludge for anaerobic digestion is reported to improve sludge dewaterability in respective to dry cake solids and polymer dosage .
Another agreed benefit of thermal hydrolysis is reduction of sludge viscosity. Viscosity is an important design parameter for anaerobic digestion at elevated total solids concentration (Dai et al. 2014) . Sludge is usually thickened before subjecting to thermal treatment. Excessively high viscosity requires higher energy input for mixing (Russ et al. 2015) . Thermal hydrolysis pretreatment significantly decreases sludge viscosity (Feng et al. 2015 , Bougrier et al. 2008 ) and enables better mixing in anaerobic digester for high solids digestion (Baudez et al. 2011 ).
Despite of all the benefits, most of commercially available thermal hydrolysis process requires steam injection and limiting its application to large utilities. Thermochemical hydrolysis combines both thermal treatment and chemical treatment for sludge hydrolysis. Thermochemical hydrolysis can be achieved below the boiling temperature and could be applied to mid-size utilities. PONDUS is one of the commercially available technologies for thermochemical hydrolysis process. PONDUS thermochemical hydrolysis process utilizes heat (60°C-70 °C) and sodium hydroxide. Though there are 6 full scale PONDUS installations, thermochemical hydrolysis is still at the early stage of technology adaptation and little technical information are available beyond improvement in biogas production.
The objective of this study is to evaluate the impact of a thermochemical hydrolysis process on viscosity and floc morphology of thickened waste activated sludge (TWAS), and dewaterability of anaerobically digested sludge. Dynamic viscosities of WAS and lysed thickened wasted activated sludge (LTWAS) were monitored under different NaOH dosages. Cell lysis of TWAS was confirmed by microscope examination. The results of this study will provide the necessary information to include the effect of thermochemical hydrolysis on sludge viscosity and dewaterability for future facility planning. 
Materials and Methods

Thermochemical hydrolysis process A PONDUS thermochemical hydrolysis process (TCHP) was implemented in
Sludge dewaterability test
Dewatered sludge samples were collected from a dewatering centrifuge installed at the site plant ( Figure 3 ). Two kinds of data were collected by Kenosha WWTP. The plant personnel take samples every day to monitor daily dewatering performance hence a time based operational curve can be generated to assess long term impact of TCHP on dewaterability of the treated and then digested sludge. Besides that, the several centrifuge optimization trials were conducted before and after the installation of TCHP to evaluate the relationship between polymer dose and cake dryness. Solids cake was measured according to U.S. EPA Method 1684. 3. Results 3.1. Improvement of digested sludge dewaterability Before thermochemical hydrolysis treatment was adopted, the average cake dryness was around 26% TS, ranging from 22-28% TS. During the optimization phase, the cake dryness improved gradually and after three months, 2% -3% increase in cake solids was observed after the TCHP was in full operation and the highest cake dryness was approaching 31% TS (Figure 4) .
It should be noted that at Kenosha WWTP, TCHP was not the only unit that was incorporated into the new operational design. A belt dryer was also implemented to dry dewatered sludge to 90% solid content. Due to issues with sludge discharge pump carrying sludge from centrifuge to the newly installed drier the plant intentionally kept dewatered sludge at around 27% instead of aiming for driest cake possible (Figure 5Figure 4) . 
Reduction of TWAS viscosity
In order to increase the capacity of anaerobic digester, waste activated sludge is thickened to 6-7% TS at the Kenosha WWTP. These increased the apparent viscosity by 1000X, as shown in Figure 6 . Higher than 80% reduction of dynamic viscosities was observed after TWAS went through TCHP treatment. Both TWAS and LTWAS were non-Newtonian fluid. However, the change of dynamic viscosity of LTWAS was less significant compared with that of TWAS.
Figure 6. Comparing dynamic viscosities of WAS, TWAS, and LTWAS.
Figure 7 evaluated the dynamic viscosity of LTWAS under different temperatures. During the cooling process from 47.5°C to 38.2°C, no apparent changes of dynamic viscosity were observed at different stir rate. It was noted that the hydrolysis process continued as the sludge was cooled down, resulting a lower total solids value and lower dynamic viscosities after 4 hours cooling process from 47.5°C to 25.0°C. 4. Discussion 4.1. Impact of TCHP on digested sludge dewaterability Studies have shown that thermal hydrolysis impact a variety of parameters that will influent sludge dewaterability, including extracellular polymeric substances (EPS) and promotion of flocculation by reducing the amount of fine flocs (Neyens et al. 2004 , Barber 2016 . This this study, the centrifuge optimization trial was conducted by Centrisys process engineers in 2015 and 2016. During the trials, the polymer curve was created to illustrate the obtainable cake dryness at given polymer dosing rate. The polymer curves showing the impact of thermochemical hydrolysis treatment are presented in Figure 5 . The polymer curve is of most interest since polymer consumption is directly linked to capital cost and dewatering performance. Both curves were created at 45 gpm of sludge using the same polymer at the same concentration. Figure 5 shows two distinctively shaped curves, which means that the critical dosage for polymer activation was lowered due to TCHP treatment. The optimum dosing range for treated sludge was in between 33 to 38 lb/dry ton while the optimum dosage was above 43 lb/dry ton for untreated sludge. Within the optimum dosing range for treated sludge, a constant 3.5% to 4% increase in cake dryness was observed. At 25% cake solids in compliance with dryer operation, up to 34% polymer reduction was achieved. Please note that those polymer curves were optimized for daily operation.
Microscopic analysis of cell lysis Floc morphology of TWAS and LTWAS were compared in
During the testing for driest cake, sample collected was about 31% TS, shown in Figure 4 . Barber reviewed the effect of thermal hydrolysis on sludge dewaterability and reported that full scale installation of WAS only thermal hydrolysis produce 28-30% cake dryness (Barber 2016 ). Yet the limitation came from the sludge handling after sludge dewatering. Other constraints such as vibration and hydraulic pressure of decanter centrifuge could limit for long term operation to generate highest cake solids. The improvement of dewaterability should be included in the overall facility planning when installation of TCHP was considered.
Impact of TCHP on TWAS viscosity
Reduction of viscosity is suggested to be the most important consequences of thermal hydrolysis as it allows higher solids loading rate for anaerobic digesters (Stickland 2015) . A number of studies have shown that increasing the hydrolysis temperature decreases sludge viscosity between temperatures approx. 130°C -180°C (Urrea et al. 2015 , Higgins et al. 2014 . Sludge become more Newtonian fluid as hydrolysis temperature increased (Bougrier et al. 2006 ). The decrease of viscosity was attributed to irreversible thermal denaturing of protein which might release bound water. Increase of sludge viscosity was observed during sludge cooling from 80 °C to 33 °C, which was termed as "thermal history".
In this study, we measured the dynamic viscosity of LTWAS during cooling process from 47.5°C to 25.0°C. The sludge viscosity was slightly reduced after cooled to 25.0°C. We speculate the hydrolysis continues during the cooling process and the dosage of caustic soda benefited the relatively stable sludge viscosity at decreased temperature. This observation is beneficial since the data suggested that LTWAS could be held for longer time or transported to long distance at lower temperature with even lower viscosity.
Conclusion
Impact of thermochemical hydrolysis on sludge viscosity, floc morphology, and dewaterability was evaluated at the PONDUS TCHP full scale installation. The major conclusions are:
 Implementation of thermochemical hydrolysis improves the dewaterability by 2.5% points with maximum cake dryness of 31%.
 At least 5-fold reduction of dynamic viscosity of TWAS by thermochemical hydrolysis and LTWAS exhibits more close to Newtonian fluids compared to TWAS. This brings benefits of more accurate modeling of mixing condition. The thermal hydrolysis reactor effectively hydrolyzed TWAS with present total solids of 6-8.5%. The results of this analysis suggest that the thermochemical hydrolysis can produce the similar effect on sludge viscosity and dewaterability as thermal hydrolysis.  No gel formation or regaining of viscosity was observed of the hydrolyzed TWAS treated by the TCHP. Sludge holding tested verified that the hydrolyzed TWAS by the TCHP was suitable for long-distance piping.  Sludge morphology tests verified the cell lysis effect of the TCHP. The hydrolyzed TWAS was stable in tested sealed containers.
